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(57) ABSTRACT 

By introducing an additional heat treatment prior to and/or 
after contacting a sensitive dielectric material with wet 
chemical agents, such as an electrolyte solution, enhanced 
performance with respect to leakage currents or dielectric 
strength may be accomplished during the fabrication of 
advanced semiconductor devices. For example, metal cap 
layers for metal lines may be provided on the basis of elec 
troless deposition techniques, wherein the additional heat 
treatment(s) may provide the required electrical perfor 
aCC. 

24 Claims, 5 Drawing Sheets 
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1. 

REDUCING LEAKAGE IN DELECTRIC 
MATERALS INCLUDING METAL REGIONS 

INCLUDING AMETAL CAPLAYER IN 
SEMCONDUCTOR DEVICES 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
Generally, the present disclosure relates to microstruc 

tures, such as advanced integrated circuits, and, more particu 
larly, to the formation of conductive structures, such as cop 
per-based metallization layers having enhanced performance 
with respect to electro-migration by providing a metal cap 
layer on the metal regions. 

2. Description of the Related Art 
In the fabrication of modern microstructures, such as inte 

grated circuits, there is a continuous drive to steadily reduce 
the feature sizes of microstructure elements, thereby enhanc 
ing the functionality of these structures. For instance, in mod 
ern integrated circuits, minimum feature sizes, such as the 
channel length of field effect transistors, have reached the 
deep Sub-micron range, thereby increasing performance of 
these circuits in terms of speed and/or power consumption 
and/or diversity of functions. As the size of individual circuit 
elements is reduced with every new circuit generation, 
thereby improving, for example, the Switching speed of the 
transistor elements, the available floor space for interconnect 
lines electrically connecting the individual circuit elements is 
also decreased. Consequently, the dimensions of these inter 
connect lines are also reduced to compensate for a reduced 
amount of available floor space and for an increased number 
of circuit elements provided per unit die area, as typically the 
number of interconnections required increases more rapidly 
than the number of circuit elements. Thus, a plurality of 
stacked “wiring layers, also referred to as metallization lay 
ers, are usually provided, wherein individual metal lines of 
one metallization layer are connected to individual metal 
lines of an overlying or underlying metallization layer by 
so-called vias. Despite the provision of a plurality of metal 
lization layers, reduced dimensions of the interconnect lines 
are necessary to comply with the enormous complexity of for 
instance, modern CPUs, memory chips, ASICs (application 
specific ICs) and the like. The reduced cross-sectional area of 
the interconnect structures, possibly in combination with an 
increase of the static power consumption of extremely scaled 45 
transistor elements, may result in considerable current densi 
ties in the metal lines, which may even increase with every 
new device generation. 

Advanced integrated circuits, including transistor ele 
ments having a critical dimension of 0.05um and even less, 50 
may, therefore, typically be operated at significantly 
increased current densities of up to several kA per cm in the 
individual interconnect structures, despite the provision of a 
relatively large number of metallization layers, owing to the 
significant number of circuit elements per unit area. Operat- 55 
ing the interconnect structures at elevated current densities, 
however, may entail a plurality of problems related to stress 
induced line degradation, which may finally lead to a prema 
ture failure of the integrated circuit. One prominent phenom 
enon in this respect is the current-induced mass transport in 60 
metal lines and vias, also referred to as “electromigration.” 
Electromigration is caused by momentum transfer of elec 
trons to the ion cores, resulting in a net momentum in the 
direction of electron flow. In particular, at high current den 
sities, a significant collective motion or directed diffusion of 65 
atoms may occur in the interconnect metal, wherein the pres 
ence of diffusion paths may have a substantial influence on 
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2 
the displaced amount of matter resulting from the momentum 
transfer. Thus, electromigration may lead to the formation of 
voids within and hillocks next to the metal interconnect, 
thereby resulting in reduced performance and reliability or 
complete failure of the device. For instance, aluminum lines 
embedded into silicon dioxide and/or silicon nitride are fre 
quently used as metal for metallization layers, wherein, as 
explained above, advanced integrated circuits having critical 
dimensions of 0.1 um or less, may require significantly 
reduced cross-sectional areas of the metal lines and, thus, 
increased current densities, which may render aluminum less 
attractive for the formation of metallization layers. 

Consequently, aluminum is being replaced by copper and 
copper alloys, a material with significantly lower electrical 
resistivity and improved resistance to electromigration even 
at considerably higher current densities compared to alumi 
num. The introduction of copper into the fabrication of micro 
structures and integrated circuits comes along with a plurality 
of severe problems residing in copper's characteristic to 
readily diffuse in silicon dioxide and a plurality of low-k 
dielectric materials, which are typically used in combination 
with copper in order to reduce the parasitic capacitance 
within complex metallization layers. In order to provide the 
necessary adhesion and to avoid the undesired diffusion of 
copper atoms into sensitive device regions, it is, therefore, 
usually necessary to provide a barrier layer between the cop 
per and the dielectric material in which the copper-based 
interconnect structures are embedded. Although silicon 
nitride is a dielectric material that effectively prevents the 
diffusion of copper atoms, selecting silicon nitrideas an inter 
layer dielectric material is less then desirable, since silicon 
nitride exhibits a moderately high permittivity, thereby 
increasing the parasitic capacitance of neighboring copper 
lines, which may result in non-tolerable signal propagation 
delays. Hence, a thin conductive barrier layer that also 
imparts the required mechanical stability to the copper is 
usually formed to separate the bulk copper from the surround 
ing dielectric material, thereby reducing copper diffusion into 
the dielectric materials and also reducing the diffusion of 
unwanted species, such as oxygen, fluorine and the like, into 
the copper. Furthermore, the conductive barrier layers may 
also provide highly stable interfaces with the copper, thereby 
reducing the probability for significant material transport at 
the interface, which is typically a critical region in view of 
increased diffusion paths that may facilitate current-induced 
material diffusion. Currently, tantalum, titanium, tungsten 
and their compounds with nitrogen and silicon and the like are 
preferred candidates for a conductive barrier layer, wherein 
the barrier layer may comprise two or more sub-layers of 
different composition to meet the requirements in terms of 
diffusion Suppressing and adhesion properties. 

Another characteristic of copper significantly distinguish 
ing it from aluminum is the fact that copper may not be readily 
deposited in larger amounts by chemical and physical vapor 
deposition techniques, in addition to the fact that copper may 
not be efficiently patterned by anisotropic dry etch processes, 
thereby requiring a process strategy that is commonly 
referred to as the damascene or inlaid technique. In the dama 
scene process, first a dielectric layer is formed which is then 
patterned to include trenches and/or vias which are subse 
quently filled with copper, wherein, as previously noted, prior 
to filling in the copper, a conductive barrier layer is formed on 
sidewalls of the trenches and vias. The deposition of the bulk 
copper material into the trenches and vias is usually accom 
plished by wet chemical deposition processes, such as elec 
troplating and electroless plating, thereby requiring the reli 
able filling of vias with an aspect ratio of 5 and more with a 
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diameter of 0.3 um or even less in combination with trenches 
having a width ranging from 0.1 um to several um. Electro 
chemical deposition processes for copper are well established 
in the field of electronic circuit board fabrication. However, 
for the dimensions of the metal regions in semiconductor 
devices, the Void-free filling of high aspect ratio vias is an 
extremely complex and challenging task, wherein the char 
acteristics of the finally obtained copper-based interconnect 
structure significantly depend on process parameters, mate 
rials and geometry of the structure of interest. Since the 
geometry of interconnect structures is Substantially deter 
mined by the design requirements and may, therefore, not be 
significantly altered for a given microstructure, it is of great 
importance to estimate and control the impact of materials, 
Such as conductive and non-conductive barrier layers, of the 
copper microstructure and their mutual interaction on the 
characteristics of the interconnect structure to insure both 
high yield and the required product reliability. In particular, it 
is important to identify, monitor and reduce degradation and 
failure mechanisms in interconnect structures for various 
configurations to maintain device reliability for every new 
device generation or technology node. 

Accordingly, a great deal of effort has been made in inves 
tigating the degradation of copper interconnects, especially in 
combination with low-k dielectric materials having a relative 
permittivity of 3.1 or even less, in order to find new materials 
and process strategies for forming copper-based lines and 
vias with a low overall permittivity. Although the exact 
mechanism of electromigration in copper lines is still not 
quite fully understood, it turns out that Voids positioned in and 
on sidewalls and especially at interfaces to neighboring mate 
rials may have a significant impact on the finally achieved 
performance and reliability of the interconnects. 
One failure mechanism, which is believed to significantly 

contribute to a premature device failure, is the electromigra 
tion-induced material transport, particularly along an inter 
face formed between the copper and a dielectric cap layer, 
which may be provided after filling in the copper material in 
the trenches and via openings, the sidewalls of which are 
coated by the conductive barrier materials. In addition to 
maintaining copper integrity, the dielectric cap layer may 
usually act as an etch stop layer during the formation of the 
via openings in the interlayer dielectric. Frequently used 
materials are, for example, silicon nitride and silicon carbon 
nitride, which exhibit a moderately high etch selectivity to 
typically employed interlayer dielectrics, such as a plurality 
of low-k dielectric materials, and also suppress the diffusion 
of copper into the interlayer dielectric. Recent research 
results seem to indicate, however, that the interface formed 
between the copper and dielectric cap layer is a major diffu 
sion path for material transport during operation of the metal 
interconnect. 

Consequently, a plurality of alternatives have been devel 
oped in an attempt to enhance the interface characteristics 
between the copper and the cap layer having the capability of 
reliably confining the copper and maintaining its integrity. 
For example, it has been proposed to selectively provide 
conductive materials on top of the copper-containing region, 
which may exhibit Superior electromigration performance 
while not unduly increasing the overall resistance of the cor 
responding metal line. For instance, a compound of cobalt/ 
tungsten/phosphorous (CoWP) has proven to be a promising 
candidate for conductive cap layers, which may significantly 
reduce electromigration effects within a corresponding metal 
line. Although the compound of cobalt/tungsten/phosphorous 
provides Superior electro-migration performance and may be 
implemented into the overall process flow for manufacturing 
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4 
complex metallization systems, since this compound may 
readily be deposited on the basis of selective electrochemical 
deposition recipes, it turns out, however, that severe defects 
may be observed in metallization systems including copper 
lines with a conductive cap layer. For example, increased 
leakage currents and dielectric breakdown may occur in Such 
devices compared to devices having a metallization system 
based on a dielectric cap layer. Since electrochemical depo 
sition techniques, such as electroless plating and the like, may 
gain in importance in future device generations and due to the 
fact that the overall electromigration behavior of electro 
chemically selectively deposited metal cap layers may be 
enhanced for metal lines in Sophisticated metallization sys 
tems, great efforts are being made in developing process 
strategies for increasing the dielectric characteristics of 
dielectric materials that come into contact with electrolyte 
Solutions during Sophisticated deposition regimes in an 
attempt to reduce leakage currents and degradation of the 
dielectric characteristics. 

The present disclosure is directed to various methods and 
techniques that may avoid, or at least reduce, the effects of 
one or more of the problems identified above. 

SUMMARY OF THE INVENTION 

The following presents a simplified Summary of the inven 
tion in order to provide a basic understanding of some aspects 
of the invention. This summary is not an exhaustive overview 
of the invention. It is not intended to identify key or critical 
elements of the invention or to delineate the scope of the 
invention. Its sole purpose is to present some concepts in a 
simplified form as a prelude to the more detailed description 
that is discussed later. 

Generally, the present disclosure provides techniques for 
increasing the dielectric characteristics, i.e., the behavior 
with respect to the response of dielectric materials to applied 
Voltages and with respect to reducing parasitic leakage cur 
rents in the dielectric materials by introducing an appropri 
ately designed heat treatment at an appropriate stage of a 
process sequence involving the exposure of sensitive dielec 
tric materials to wet chemical solutions, such as electrolyte 
Solutions and the like. In some illustrative aspects disclosed 
herein, the electrochemical deposition of metals, such as 
metal cap layers, underbump metallization layers and the like, 
may be accomplished with enhanced process results with 
respect to dielectric strength and leakage currents by per 
forming the heat treatment prior to and/or after the electro 
chemical deposition process, thereby conditioning the state 
of the dielectric material to meet tightly set specifications 
with respect to voltage ramp dielectric breakdown (VRDB) 
tests and leakage tests as may be required for Sophisticated 
semiconductor devices corresponding to the 45 nm technol 
ogy and beyond. Without intending to restrict the present 
disclosure to any explanation, it is believed that the additional 
heat treatment may remove remaining humidity in the dielec 
tric material which, in Sophisticated applications, may exhibit 
a more or less pronounced porous state, which may otherwise 
Support currents through dissolved ionic species incorporated 
during the electrochemical deposition process. Conse 
quently, promising electrochemical deposition regimes may 
be incorporated into Sophisticated overall manufacturing 
flows for forming metallization systems, contact levels and 
the like, wherein the superior characteristics in view of elec 
tromigration and the like may be combined with dielectric 
characteristics, for instance, with respect to reduced leakage 
currents and increased dielectric strength. 
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One illustrative method disclosed herein comprises per 
forming a process sequence on a semiconductor device, 
wherein the process sequence includes a Subset of processes 
for applying a wet chemical Solution on a first dielectric 
material and removing the wet chemical solution from the 
dielectric material. The method further comprises performing 
a heat treatment in an oxygen-depleted ambient and forming 
a second dielectric material at least on the first dielectric 
material after the heat treatment. 

A further illustrative method disclosed herein comprises 
performing a heat treatment with a process temperature of 
approximately 100-400° C. on a first dielectric material of a 
semiconductor device after contact of the dielectric material 
with a wet chemical agent. Additionally, the method com 
prises forming a second dielectric material on the first dielec 
tric material. 
A still further illustrative method disclosed herein com 

prises performing a process sequence for forming a metal 
region in a dielectric material of a metallization system of a 
semiconductor device, wherein the process sequence com 
prises at least one process that exposes a surface of the dielec 
tric material to a wet chemical agent. The method further 
comprises forming a metal-containing layer on the metal 
region by performing an electro-chemical deposition process 
and performing a first heat treatment after forming the metal 
containing layer. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The disclosure may be understood by reference to the 
following description taken in conjunction with the accom 
panying drawings, in which like reference numerals identify 
like elements, and in which: 

FIGS. 1a-1b schematically illustrate cross-sectional views 
of a semiconductor device during a first process sequence in 
which a dielectric material may be exposed to wet chemical 
agents, such as water, cleaning agents and the like, during the 
formation of a metal region in a dielectric material; 

FIG. 1c schematically illustrates the semiconductor 
device, according to one illustrative embodiment, in which a 
heat treatment may be performed to provide enhanced dielec 
tric characteristics prior to the deposition of a metal cap layer, 

FIGS. 1d-1e schematically illustrate cross-sectional views 
of the semiconductor device during a further process 
sequence in which the dielectric material may be exposed to 
an electrochemical solution for forming a metal-containing 
cap layer, according to illustrative embodiments; 

FIG. 1f schematically illustrates the semiconductor device 
during a heat treatment after forming the metal cap layer and 
prior to forming further manufacturing processes, according 
to illustrative embodiments; 

FIG. 1g schematically illustrates a cross-sectional view of 
a plurality of metal regions having enhanced leakage current 
behavioras may be determined by test measurements after the 
heat treatment of FIG. 1f. 

FIG.1h schematically illustrates the semiconductor device 
during the deposition of a further dielectric material, accord 
ing to illustrative embodiments; 

FIG. 1 ischematically illustrates a cross-sectional view of 
the semiconductor device having a contact structure that may 
be subjected to a heat treatment, according to still further 
illustrative embodiments; and 

FIGS. 1j-11 schematically illustrate cross-sectional views 
of the semiconductor device during various manufacturing 
stages in forming bumps. Such as solder bumps, by using 
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6 
electrochemical deposition techniques in combination with 
heat treatments, according to still further illustrative embodi 
mentS. 

While the subject matter disclosed herein is susceptible to 
various modifications and alternative forms, specific embodi 
ments thereof have been shown by way of example in the 
drawings and are herein described in detail. It should be 
understood, however, that the description herein of specific 
embodiments is not intended to limit the invention to the 
particular forms disclosed, but on the contrary, the intention is 
to cover all modifications, equivalents, and alternatives fall 
ing within the spirit and scope of the invention as defined by 
the appended claims. 

DETAILED DESCRIPTION 

Various illustrative embodiments of the invention are 
described below. In the interest of clarity, not all features of an 
actual implementation are described in this specification. It 
will of course be appreciated that in the development of any 
Such actual embodiment, numerous implementation-specific 
decisions must be made to achieve the developers specific 
goals. Such as compliance with system-related and business 
related constraints, which will vary from one implementation 
to another. Moreover, it will be appreciated that such a devel 
opment effort might be complex and time-consuming, but 
would nevertheless be a routine undertaking for those of 
ordinary skill in the art having the benefit of this disclosure. 
The present subject matter will now be described with 

reference to the attached figures. Various structures, systems 
and devices are schematically depicted in the drawings for 
purposes of explanation only and so as to not obscure the 
present disclosure with details that are well known to those 
skilled in the art. Nevertheless, the attached drawings are 
included to describe and explain illustrative examples of the 
present disclosure. The words and phrases used herein should 
be understood and interpreted to have a meaning consistent 
with the understanding of those words and phrases by those 
skilled in the relevant art. No special definition of a term or 
phrase, i.e., a definition that is different from the ordinary and 
customary meaning as understood by those skilled in the art, 
is intended to be implied by consistent usage of the term or 
phrase herein. To the extent that a term or phrase is intended 
to have a special meaning, i.e., a meaning other than that 
understood by skilled artisans, such a special definition will 
be expressly set forth in the specification in a definitional 
manner that directly and unequivocally provides the special 
definition for the term or phrase. 

Generally, the present disclosure relates to techniques for 
conditioning dielectric materials, such as low-k dielectric 
materials, which are to be understood as dielectric materials 
having a dielectric constant of 3.0 and less, which may be 
provided in a more or less porous state, after contact with wet 
chemical Solutions, such as water, reactive chemicals, elec 
trolyte solutions and the like. During the fabrication of 
Sophisticated semiconductor devices, frequently, dielectric 
materials have to be exposed to wet chemical solutions during 
cleaning processes, electrochemical deposition processes and 
the like, wherein inferior behavior with respect to dielectric 
strength and the like may be observed, in particular when 
reduced device dimension may be required by the design 
rules. As previously explained, electroless deposition tech 
niques, i.e., the deposition of a metal or metal-containing 
material on the basis of an electrolyte solution without requir 
ing an external current source, may represent a promising 
deposition technique for a plurality of applications, such as 
the provision of metal cap layers for the metal lines, metals of 
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contact structures, underbump metallization layers, i.e., met 
allization layers formed under solder bumps, or any other 
contact bumps above the last metallization level and the like. 
Although the exact mechanism of deteriorating overall 
dielectric characteristics of the materials may not be under 
stood, it is believed that, depending on the initial condition of 
dielectric materials, such as the degree of porosity, Surface 
texture and the like, traces of humidity, in combination with 
any dissolved ionic species, which may, for instance, be 
incorporated during any preceding manufacturing processes, 
Such as rinsing, contact with wet chemical Solutions and the 
like, may result in an increase of leakage paths which may, 
particularly at very reduced device dimensions, contribute to 
overall device degradation so that frequently the set specifi 
cations during the manufacturing process may not be met. It 
is believed that, due to the principles disclosed herein, 
enhanced Surface conditions may be established by using an 
appropriately designed heat treatment at appropriate manu 
facturing stages, in particular after a process sequence for 
depositing a metal-containing material on the basis of elec 
trochemical deposition techniques. 

For this purpose, in some illustrative embodiments, a heat 
treatment with a temperature of approximately 100-400° C. 
may be incorporated into the manufacturing flow in an oxy 
gen-depleted ambient, which is to be understood as any pro 
cess ambient in which the fraction of oxygen may be reduced 
to 50 ppm (parts per million) relative to a standard clean room 
ambient, thereby further enhancing the overall effect of the 
Surface conditioning. It should be appreciated that a low 
pressure ambient with a remaining pressure of less than sev 
eral mTorr may also be understood as an oxygen-depleted 
ambient. In some illustrative embodiments, one or more heat 
treatments are incorporated into a manufacturing flow for 
forming a metal-containing cap layer of metal regions in 
advanced metallization systems, wherein one heat treatment 
may be performed after completing the basic metal region and 
wherein one heat treatment may be performed after complet 
ing the electrochemical deposition of the cap layer, including 
the cleaning and rinsing of the resulting Surface of the semi 
conductor device, wherein when both heat treatments are 
used in the manufacturing sequence, even further enhanced 
efficiency with respect to reducing leakage currents may be 
achieved. In other cases, a corresponding heat treatment may 
be performed in a manufacturing sequence for forming a 
metal cap layer in Sophisticated contact structures, wherein 
enhanced conductivity may be obtained by using highly con 
ductive metals. Such as copper and the like, while neverthe 
less an efficient confinement of the reactive metal may be 
accomplished by using metal cap layers provided by electro 
chemical deposition, wherein, due to the principles disclosed 
herein, a desired performance with respect to leakage currents 
and dielectric strength may be accomplished, even for 
advanced semiconductor devices requiring a lateral distance 
of contact elements of approximately 100 nm and less. 

In still other illustrative embodiments disclosed herein, the 
heat treatment may be provided at any manufacturing stage in 
which contact of a dielectric material with wet chemical 
Solution may affect the further processing with respect to 
increased leakage currents, thereby providing enhanced yield 
for Sophisticated manufacturing strategies. Furthermore, the 
principles disclosed herein may also be applied at higher 
device levels, such as the last metallization layer, in which 
frequently bumps, such as solder bumps, may be provided on 
respective contact pads, wherein typically a so-called under 
bump metallization material may be required in order to 
provide the desired mechanical and electrical interface char 
acteristics between the bump material and the contact pad. 
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8 
Also in this case, increasingly, electroless deposition tech 
niques may be used for forming the interface material, which 
may affect the Surrounding dielectric material. Consequently, 
by applying one or more heat treatments in this device level. 
significant improvements may also be accomplished with 
respect to the overall electrical behavior. 

FIG. 1a schematically illustrates a semiconductor device 
100 comprising a substrate 101, which may represent any 
appropriate carrier material for forming thereon and therein 
circuit elements, such as transistors, capacitors and the like, 
as may typically be required for advanced integrated circuits. 
It should be appreciated that, in FIG. 1a, the substrate 101 
should be understood so as to include one or more device 
levels, such as a semiconductor layer including circuit ele 
ments, possibly in combination with a contact layer, as will be 
described later on in more detail, and one or more metalliza 
tion layers. Furthermore, a device level 110, which may be 
understood as a layer of one or more materials comprising at 
least one dielectric material 111, may be provided above the 
substrate 101. In one illustrative embodiment, the device level 
110 may represent a metallization layer of a metallization 
system of the device 100. In this case, typically, the dielectric 
material 111 may represent a low-k dielectric material, at 
least partially, depending on the overall device requirements. 
For example, a plurality of low-k dielectric materials having 
a dielectric constant of 3.0 and less may be used, such as 
silicon dioxide-based materials, polymer materials and the 
like. As previously explained, in many cases, the dielectric 
material may have a more or less porous state at least locally, 
for instance at Surface areas thereof, which may also include 
more or less damaged areas caused by any preceding aggres 
sive manufacturing processes, such as etching, polishing and 
the like. Moreover, in the embodiment shown, the device level 
110 may comprise a metal region 112 at an earlier manufac 
turing stage, which may comprise a conductive barrier mate 
rial 112A and a highly conductive metal 112B, for instance 
copper, a copper alloy, silver and the like. In the manufactur 
ing stage shown, excess material may still be formed above 
the dielectric material 111 and may be separated therefrom by 
the conductive barrier layer 112A. It should be appreciated 
that the barrier material 112A may be comprised of two or 
more layers, depending on the overall characteristics of the 
dielectric material 111, the metal 112B and the like. For 
instance, tantalum, tantalum nitride and the like are presently 
frequently used conductive barrier materials in the context of 
copper-based metallization systems. 
The semiconductor device 100 as illustrated in FIG. 1a 

may be formed on the basis of the following processes. After 
fabricating any circuit elements in a lower lying device level. 
which may be incorporated in the substrate 101, the device 
level 110 may be formed, for instance, by depositing the 
dielectric material 111 on the basis of any well-established 
deposition technique, such as chemical vapor deposition 
(CVD), spin-on techniques and the like, wherein it should be 
appreciated that the dielectric material 111 may comprise two 
or more different materials and layers, depending on the 
overall configuration of the device level 110. Thereafter, com 
plex lithography techniques may be used in order to provide 
an etch mask for forming an opening in the dielectric material 
111 in accordance with design rules, such as a trench for a 
metal line and the like. The patterning process for the dielec 
tric material 111 may include Sophisticated etch techniques, 
which may result in a certain degree of damage of the dielec 
tric material 111, in particular when highly sensitive low-k 
dielectrics are considered. Thereafter, the barrier material 
112A may be deposited, for instance, by CVD, self-limiting 
CVD techniques, such as atomic layer deposition (ALD), 
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physical vapor deposition, electrochemical deposition and 
the like. Next, in Some approaches, a seed layer may be 
provided on the barrier layer 112A, while in other cases the 
metal 112B may be directly deposited on the barrier material, 
depending on the overall process strategy. Next, the metal 
112B may be deposited, typically on the basis of electro 
chemical deposition techniques, such as electroplating, elec 
troless plating and the like. During an electroplating process, 
the barrier layer 112A, possibly in combination with the seed 
layer, may be used as a current distribution layer, while in 
electroless deposition regimes the barrier material 112A or 
the optional seed material may be used as a catalyst material 
for initiating the electroless deposition on the basis of well 
established electrolyte solutions. During the deposition, typi 
cally, the excess material 112C may have to be provided in 
order to reliably fill the corresponding openings in the dielec 
tric material 111. Thereafter, the excess material 112C and the 
portion of the barrier layer 112A formed on horizontal areas 
of the dielectric material 111 may be removed. 

FIG.1b schematically illustrates the semiconductor device 
100 during a plurality of process steps 120, which may 
include an efficient removal process 120A, for instance based 
on electrochemical etch techniques, electrochemical polish 
ing, chemical mechanical polishing (CMP) and the like. For 
instance, frequently, the remaining material 112C and the 
barrier material 112A may be removed on the basis of an 
appropriately designed CMP sequence, thereby providing the 
electrically isolated metal region 112B. Furthermore, during 
the respective process steps of the process 120A and after the 
process 120A, additional processes 120B may be provided, 
for instance rinsing with de-ionized water, providing a clean 
ing agent in order to remove any contaminants, which may 
have been created during the preceding process steps 120A 
and the like. The process 120B may also comprise process 
steps for applying the corresponding wet chemical agent, 
Such as water and the like, with a Subsequent treatment at 
elevated temperatures for drying the exposed surface of the 
semiconductor device 100. 

FIG.1c schematically illustrates the semiconductor device 
100 according to one illustrative embodiment in which, in this 
manufacturing stage, a heat treatment 130 may be applied. 
The heat treatment 130 may be designed so as to efficiently 
condition the exposed surface of the dielectric material 111 
by using a process temperature of approximately 100-400° C. 
In this case, the process temperature is to be understood as the 
temperature of a corresponding process tool in which an 
ambient that is in contact with the device 100 may have a 
desired temperature. For example, in one illustrative embodi 
ment, the heat treatment 130 may be performed in a furnace, 
the heating Zones of which may be adjusted to the desired 
process temperature in the above-specified range. In other 
cases, hot plates may be used in which the substrate 101, i.e., 
a portion thereof acting as a carrier material, may be brought 
into direct contact with the heating Surface so as to also raise 
the temperature of the dielectric material 111. The heat treat 
ment 130 may be performed for approximately 3-120 min 
utes, thereby essentially establishing a thermal equilibrium 
between the ambient providing the elevated temperature, 
Such as the furnace or a hot plate, and the dielectric material 
111. In some illustrative embodiments, the heat treatment 130 
may be performed in an oxygen-depleted ambient, which is to 
be understood as an ambient in the above-defined sense, 
thereby reducing the interaction of oxygen with reactive com 
ponents of the metal region 112 and the dielectric material 
111, for example in the form of any residues incorporated 
during the preceding manufacturing sequence. In one illus 
trative embodiment, the heat treatment 130 may be performed 
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10 
by establishing a reducing ambient, i.e., a gas ambient includ 
ing a species that may act as an electron donator with respect 
to components contained in the metal region 112 and the 
dielectric material 111. For example, a forming gas, i.e., a 
mixture of hydrogen and nitrogen, may be used, while in 
other cases any other appropriate reducing gas components 
may be applied during the heat treatment 130. It should be 
appreciated that, in some illustrative embodiments, the heat 
treatment 130 may be optional in this manufacturing stage 
and a corresponding heat treatment may be performed in a 
later stage, as will be described later on. 

FIG. 1d schematically illustrates the semiconductor device 
100 in a further advanced manufacturing stage in which an 
electrochemical deposition process 113 may be performed in 
order to provide a metal cap layer 114, at least on the metal 
material 112B. As previously explained, a plurality of metal 
containing materials, such as alloys in the form of cobalt, 
tungsten, phosphorous and many others, may be deposited on 
the basis of electroless deposition recipes in which the 
exposed portion of the metal 112B may act as a catalyst 
material in order to initiate a selective deposition of metal 
containing material, while Substantially avoiding deposition 
of the metal at the exposed portions of the dielectric material 
111. Consequently, during the deposition process 113, the 
dielectric material 111 may be in direct contact with the 
electrolyte solution of the process 113, which may result in 
incorporation of humidity and ionic species, depending on the 
surface condition of the dielectric material 111. 
FIG.1e schematically illustrates the semiconductor device 

100 during a further process in completing the formation of 
the metal cap layer 114. As shown, typically, the exposed 
surface of the device 100 may be rinsed during a process 
113A by, for instance, de-ionized water and the like. There 
after, the exposed surface of the device 100 may be dried in a 
process step 113B, which may typically be performed under 
clean room atmospheric conditions. Contrary to conventional 
strategies, in the present disclosure, the cleaning of the Sur 
face of the device 100 by means of the processes 113A and 
113B may be considered inappropriate, thus, prior to and/or 
after the process sequence including the processes 113, 113A, 
113B, an appropriately designed heat treatment may be per 
formed. For example, in one illustrative embodiment, the heat 
treatment 130 (see FIG. 1c) may be performed, thereby 
achieving a Superior Surface condition of the dielectric mate 
rial 111 and possibly of the metal 112B, thereby also reducing 
any negative effect that may result in increased leakage cur 
rents during conventional approaches when the cap layer 114 
may be formed without an appropriately positioned heat 
treatment during the overall manufacturing flow. 

FIG. 1f schematically illustrates the semiconductor device 
100 according to further illustrative embodiments wherein, in 
addition or alternatively to the heat treatment 130 (FIG. 1c), a 
further heat treatment 130A may be performed on exposed 
surface portions 111S of the dielectric material 111 and the 
metal region 112 comprising a metal cap layer 114. The heat 
treatment 130A may be performed on the basis of process 
parameters, such as temperatures in the range of 100-400° C. 
with a duration of approximately 3-120 minutes. Further 
more, in Some illustrative embodiments, an oxygen-depleted 
ambient may be established during the process 130A, while in 
other cases a reducing ambient may be used, as is also 
explained above with reference to the heat treatment 130. 

FIG. 1g schematically illustrates the semiconductor device 
100 wherein a plurality of metal regions 112 may be provided 
in the device level 110, which may be formed in accordance 
with the process flow described above with reference to FIGS. 
1a-1f. That is, in some illustrative embodiments, at least one 



US 7,781,329 B2 
11 

of the heat treatments 130 and 130A may be performed, while 
in other illustrative embodiments both heat treatments 130, 
130A may be applied to the semiconductor device 100. It 
should be appreciated that the portion of the device layer 110 
as shown in FIG. 1g may correspond to a test structure when 
a verification of the electrical characteristics of the device 
level 110 may be required at this manufacturing stage. For 
instance, a test with respect to leakage currents 115 between 
neighboring metal regions 112 may be used in order to verify 
whether or not the corresponding specifications are met. In 
other cases, well-established electrical tests with a ramped 
Voltage may be applied in order to determine an electrical 
breakdown of the dielectric material 111. 

FIG.1h schematically illustrates the semiconductor device 
100 in a further advanced manufacturing stage in which a 
further dielectric material 116 may be formed on or above the 
dielectric material 111 and on or above the metal region 112, 
i.e., the cap layer 114. The dielectric material 116 may be 
provided during any appropriate deposition process 117. Such 
as a CVD process and the like, thereby depositing any appro 
priate material or material composition, such as silicon 
nitride, nitrogen-containing silicon carbide, silicon carbide, 
silicon dioxide and the like. In some illustrative embodi 
ments, the scheduling of the manufacturing flow for forming 
the semiconductor device 100 may be appropriately adjusted 
with respect to a queue time of the device 100 prior to the 
deposition process 117. That is, in illustrative embodiments 
in which the heat treatment 130A (FIG.1f) may be performed, 
the overall process flow may be controlled such that after the 
heat treatment 130A, a queue time prior to performing the 
deposition process 117 may be less than a predefined thresh 
old in order to avoid undue degradation of the exposed surface 
111S (FIG. 1f) previously conditioned during the heat treat 
ment 130A of FIG. 1f. For instance, in some illustrative 
embodiments, the corresponding queue time for the device 
may be approximately 5 hours or less. 

After the deposition process 117, the further processing 
may be continued, for instance, by depositing a further dielec 
tric material for a Subsequent metallization level, if required. 
Thus, the process sequence described above, comprising at 
least one of the heat treatments 130A, 130, may provide 
enhanced leakage performance of the resulting metallization 
level, such as the device level 110, which may have at least 
comparable electric characteristics with respect to manufac 
turing strategies in which metal regions may be confined by a 
dielectric cap layer so as to avoid yield loss compared to 
conventional strategies for forming a metal cap layer. Conse 
quently, due to the comparable or even enhanced leakage 
behavior of the device level 110, the enhanced electromigra 
tion performance provided by appropriate conductive cap 
layers may further increase the overall performance of the 
device 100. Furthermore, the principles disclosed herein may 
readily be applied to device generations in which reduced 
lateral dimensions may be required. 

With reference to FIGS. 1 i-11, further illustrative embodi 
ments will now be described in which one or more heat 
treatments, such as the treatments 130, 130A, may be applied 
at different device levels, thereby also providing enhanced 
electrical performance. 

FIG. 1 ischematically illustrates the semiconductor device 
100 comprising a semiconductor layer 103 formed above the 
substrate 101, in and above which may be provided a plurality 
of circuit elements 105, for instance in the form of transistors 
and the like. Furthermore, a contact structure 140 may be 
formed on the basis of an appropriate dielectric material 141, 
which may comprise two or more different materials, depend 
ing on the overall device requirements. Furthermore, the con 
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tact structure 140 may comprise a plurality of contact ele 
ments 142, i.e., metal-containing regions, in which, at least 
partially, a highly conductive metal 142B. Such as copper, 
copper alloy and the like, may be used, in combination with a 
barrier material 142A. Furthermore, the contact elements 142 
may comprise a metal cap layer 144, for instance comprised 
of any appropriate material providing the desired confine 
ment of the metal 142B and exhibiting the desired electrical 
characteristics, for instance with respect to conductivity, elec 
tromigration and the like. 
The semiconductor device 100 as shown in FIG. 1 i may be 

formed by fabricating the circuit elements 105 using well 
established process strategies in accordance with the technol 
ogy under consideration. That is, CMOS techniques and the 
like may be used, depending on the configuration of the 
circuit elements 105. Next, the dielectric material 141 may be 
formed, for instance, by appropriate deposition techniques, 
which may also include planarization steps in order to provide 
a desired Surface topography. Thereafter, dielectric material 
141 may be patterned by using lithography processes and 
subsequently the barrier layer 142A and the metal 142B may 
be deposited, which may be accomplished on the basis of 
similar process techniques as previously described. In some 
illustrative embodiments, after removing any excess material 
of metal 142B, possibly in combination with residues of the 
barrier material 142A, a heat treatment may be performed, as 
previously described with reference to the treatment 130 
(FIG. 1c). Thereafter, the cap layer 144 may be formed by an 
electrochemical deposition technique, as previously 
described, which may include cleaning and rinsing the 
device, as described above. Next, a heat treatment 130B may 
be performed by using process parameters as previously 
described. That is, a process temperature of 100-400° C. may 
be used, possibly in combination with an oxygen-depleted 
ambient, which may additionally comprise a reducing agent. 
With a duration of 3-120 minutes, a desired conditioning 
effect may be obtained, as previously described. Conse 
quently, the contact elements 142 may provide a highly con 
ductive path to a contact area 105A of the circuit elements 
105, even for extremely scaled semiconductor devices, by 
using at least partially a highly conductive metal in the form 
of the metal 142B, which may be efficiently confined by the 
cap layer 144 provided on the basis of electrochemical depo 
sition techniques, while nevertheless providing Superior leak 
age current behavior, as previously explained. 

FIG. 1j schematically illustrates the semiconductor device 
100 according to further illustrative embodiments, in which a 
metallization level 150 may be formed above the substrate 
101, which may represent the last metallization layer. Hence, 
a plurality of metal regions 152 in the form of contact pads 
may be provided with a dielectric material 151. The metal 
regions 152 may be comprised of a highly conductive metal, 
as may also be used in lower lying metal layers, such as 
copper and the like, possibly in combination with an appro 
priate barrier material 152A. Furthermore, in the manufac 
turing stage shown, a conductive cap layer 154 may be 
formed on the metal 152R, wherein the cap layer 154 may 
comprise two or more different materials, if required. It 
should be appreciated that the cap layer 154 may also be 
referred to as an underbump metallization layer, since it may 
be used as an interface material for forming thereon a bump, 
Such as a solder bump, which may be used for connecting the 
device 100 to a package or other carrier material by reflowing 
the corresponding bumps. For example, the layer 150 may 
also comprise one or more passivation layers 151A, 151B in 
the form of any appropriate dielectric material. The passiva 
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tion layers 151A, 151B may comprise an opening 151C, in 
which the bump material may be deposited in a later manu 
facturing stage. 
The device 100 as shown in FIG. 1j may be formed in 

accordance with well-established process strategies to pro 
vide the metal regions 152 within the dielectric material 151. 
In some illustrative embodiments, an additional cap layer (not 
shown) may be formed in accordance with process tech 
niques, as previously described with reference to FIGS. 1a-1 i. 
In some illustrative embodiments, the dielectric materials 
151A, 151B may be deposited and may be patterned in order 
to form the openings 151C, which may then be used as a 
deposition mask for a Subsequent electrochemical deposition 
process for forming the cap layer 154 having the required 
material composition so as to act as an underbump metalliza 
tion. In other illustrative embodiments, the cap layer 154 may 
be formed prior to the deposition of the layers 151A, 151B. 
During the deposition of the cap layer 154, the dielectric 
material 151 or the dielectric material of the layers 151A, 
151B may be exposed to the electrolyte solution, as previ 
ously explained, and hence a corresponding heat treatment 
130C may be performed, which may be accomplished on the 
basis of the same process parameter ranges as specified above 
for the treatments 130, 130A and 130B. Depending on the 
overall process strategy, after the heat treatment 130C, the 
layers 151A, 151B may beformed or the treatment 130C may 
be performed in the presence of the layers 151A, 151B, 
thereby providing the cap layer 154 locally above a restricted 
portion of the metal regions 152. 

FIG.1 k schematically illustrates the semiconductor device 
100 during a further electrochemical deposition process 153, 
thereby forming bumps 155, which may, for instance, be 
comprised of a solder material or any other appropriate con 
tact material for connecting two respective pads or bumps of 
a package or carrier material. The electrochemical deposition 
process 153 may also be performed as an electroless process, 
wherein the cap layer 154 may, in addition to acting as a 
mechanical and electrical interface between the metal region 
152 and the bump 155, act as a catalyst material for initiating 
the selective metal deposition. Consequently, by providing 
the underbump metallization layer 154 in a self-aligned man 
ner, any Subsequent removal thereof, as may be the case in 
conventional strategies, may be avoided. Furthermore, due to 
the heat treatment 130C (FIG. 1j), integrity of the dielectric 
material 151 or the materials 151A, 151B, depending on the 
process strategy, may be maintained with respect to leakage 
current behavior. 

FIG. 11 schematically illustrates the semiconductor device 
100 according to still further illustrative embodiments in 
which a further heat treatment 130D may be performed based 
on similar process conditions, as previously described, in 
order to condition the exposed surface 151S of the layer 
151B, which may have been in contact with the electrolyte 
solution during the deposition process 153 (FIG. 1 k). In this 
case, a process temperature of the heat treatment 130D may 
be appropriately adjusted with respect to the melting tem 
perature Ts of the bump materials 155 in order to avoid undue 
deformation of the bumps 155. For example, the process 
temperature may be selected in the range of 100-200° C. 
thereby maintaining the process temperature well below 
melting temperatures of advanced lead-free solder materials. 
As a result, the present disclosure provides techniques for 

enhancing Surface conditions of dielectric materials, such as 
low-k dielectric materials, after contact with a wet chemical 
agent, such as an electrolyte solution. For this purpose, prior 
to and/or after contact with the electrolyte solution, a heat 
treatment may be performed on the basis of an appropriate 
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temperature range, such as approximately 100-400° C. 
while, in Some illustrative embodiments, a depleted oxygen 
ambient, possibly in combination with a reducing agent, may 
be established. The heat treatment may be performed in a 
furnace or a process tool including hot plates or any other 
process tool providing the desired configuration in order to 
establish the temperature range and the atmospheric condi 
tions, for instance with respect to the Substantially oxygen 
free ambient and the like. In some illustrative embodiments, 
the heat treatment may be appropriately positioned within a 
manufacturing flow for forming a metal cap layer by electro 
less plating techniques, thereby obtaining comparable or even 
superior behavior of the finally obtained metallization level 
compared to devices of the same configuration without a 
metal cap layer. The principles disclosed herein may also be 
applied to any situation in the overall manufacturing flow in 
which sensitive dielectric materials may be exposed to chemi 
cal agents, wherein, after the contact, enhanced performance 
with respect to leakage currents and dielectric strength may 
be required. For example, in Sophisticated contact levels, a 
metal cap layer in combination with a highly conductive 
material. Such as copper, may be used so that also in this 
situation enhanced performance with respect to electromigra 
tion and leakage currents may be achieved. Similarly, under 
bump metallization layers may be efficiently provided on the 
basis of electrochemical deposition techniques while never 
theless maintaining integrity of the Surrounding dielectric 
materials. 
The particular embodiments disclosed above are illustra 

tive only, as the invention may be modified and practiced in 
different but equivalent manners apparent to those skilled in 
the art having the benefit of the teachings herein. For example, 
the process steps set forth above may be performed in a 
different order. Furthermore, no limitations are intended to 
the details of construction or design herein shown, other than 
as described in the claims below. It is therefore evident that 
the particular embodiments disclosed above may be altered or 
modified and all such variations are considered within the 
Scope and spirit of the invention. Accordingly, the protection 
sought herein is as set forth in the claims below. 

What is claimed is: 
1. A method, comprising: 
performing a process sequence on a semiconductor device, 

said process sequence including a Subset of processes 
for applying a wet chemical Solution on a first dielectric 
material and removing said wet chemical solution from 
said dielectric material; 

performing a heat treatment in an oxygen-depleted ambi 
ent, wherein said oxygen-depleted ambient comprises 
approximately 50 ppm oxygen or less; and 

forming a second dielectric material at least on said first 
dielectric material after said heat treatment. 

2. The method of claim 1, wherein performing said process 
sequence comprises forming a conductive cap layer on a 
metal region embedded in said first dielectric material by 
performing an electrochemical deposition process to deposit 
said conductive cap layer and performing a cleaning process. 

3. The method of claim 1, wherein said heat treatment is 
performed at a temperature of approximately 100-400° C. 

4. The method of claim 3, wherein said heat treatment is 
performed for approximately 3-120 minutes. 

5. The method of claim 1, wherein said first dielectric 
material comprises a low-k dielectric material. 

6. The method of claim 1, wherein said oxygen-depleted 
ambient comprises a reducing gas. 
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7. The method of claim 2, further comprising performing a 
second heat treatment after forming said metal region and 
prior to forming said conductive cap layer. 

8. The method of claim 7, wherein said second heat treat 
ment is performed at a temperature of approximately 100 
400° C. 

9. The method of claim 8, wherein said second heat treat 
ment is performed in a reducing ambient, in which a fraction 
of residual oxygen is approximately 50 ppm or less. 

10. The method of claim 1, wherein a queue time after 
completing said heat treatment and prior to starting forming 
said second dielectric layer is approximately 5 hours or less. 

11. The method of claim 2, wherein said metal region 
connects to a contact area of a circuit element of said semi 
conductor device. 

12. The method of claim 2, further comprising forming a 
bump on said conductive cap layer. 

13. The method of claim 2, wherein said second dielectric 
material is formed on said conductive cap layer. 

14. A method, comprising: 
performing a first heat treatment with a process tempera 

ture of approximately 100-400° C. on a first dielectric 
material of a semiconductor device after contact of said 
first dielectric material with a wet chemical agent, 
wherein said first heat treatment is performed in an oxy 
gen-depleted ambient comprising approximately 50 
ppm oxygen or less; and 

forming a second dielectric material on said first dielectric 
material. 

15. The method of claim 14, wherein said first dielectric 
material comprises a low-k dielectric material. 

16. The method of claim 14, further comprising forming a 
metal region in said first dielectric material prior to perform 
ing said first heat treatment. 

17. The method of claim 16, wherein said wet chemical 
agent comprises an electrolyte solution used to form a metal 
layer on said metal region. 
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18. The method of claim 16, wherein said wet chemical 

agent is used for forming said metal region. 
19. The method of claim 18, further comprising forming a 

metal layer on said metal region by an electrochemical depo 
sition process and performing a second heat treatment after 
forming said metal layer, wherein said first heat treatment is 
performed prior to forming said metal layer and said second 
heat treatment is performed in an oxygen-depleted ambient 
comprising approximately 50 ppm oxygen or less. 

20. The method of claim 19, wherein said second heat 
treatment is performed at a process temperature of approxi 
mately 100-400° C. 

21. The method of claim 14, wherein said first heat treat 
ment is performed in a reducing ambient. 

22. The method of claim 21, wherein said first heat treat 
ment is performed for approximately 3-120 minutes. 

23. A method, comprising: 
performing a process sequence for forming a metal region 

in a dielectric material of a metallization system of a 
semiconductor device, said process sequence compris 
ing at least one process that exposes a Surface of said 
dielectric material to a wet chemical agent; 

forming a metal-containing layer on said metal region by 
performing an electrochemical deposition process, and 

performing a first heat treatment in an oxygen-depleted 
ambient comprising approximately 50 ppm oxygen or 
less after forming said metal-containing layer. 

24. The method of claim 23, further comprising perform 
ing a second heat treatment in an oxygen-depleted ambient 
comprising approximately 50 ppm oxygen or less after said 
process sequence and prior to forming said metal-containing 
layer, wherein said first and second heat treatments are per 
formed at a temperature of approximately 100-400° C. 


